ABSTRACT The optical trapping of Au nanoparticles with dimensions as small as 10 nm in the gap of plasmonic dipole antennas is demonstrated. Single nanoparticle trapping events are recorded in real time by monitoring the Rayleigh scattering spectra of individual plasmonic antennas. Numerical simulations are also performed to interpret the experimental results, indicating the possibility to trap nanoparticles only a few nanometers in size. This work unveils the potential associated with the integration of plasmonic trapping with localized surface plasmon resonance based sensing techniques, in order to deliver analyte to specific, highly sensitive regions ("hot spots").
O ptical trapping, as a noninvasive manipulation method, has been extensively investigated and implemented in life sciences. 1, 2 Using conventional far-field techniques, micrometric dielectric particles or living cells can be trapped and manipulated, while trapping nanoparticles still remains a challenging task for the following two reasons: first, prohibitively high laser power is needed to create trapping forces large enough to overcome the Brownian motion; second, there is lack of real-time techniques for detecting the trapping events of such small particles, especially nonfluorescent nanoparticles.
Plasmonic nanostructures, however, can naturally overcome these two difficulties thanks to their capability to localize and enhance light in their near-field E.
3-5 For a particle much smaller than the trapping light wavelength, the trapping force is proportional to the gradient of |E| 2 . 6 In the case of plasmonic structures, like for example thin metal films, metal patches, and sharp metal tips, the electric field can be enhanced and spatially localized in an area much smaller than the diffraction limit. 7 As a consequence, for similar illumination intensity, these structures generate much larger gradient forces than in the case of far-field trapping. Recently, plasmonic trapping has indeed been demonstrated experimentally and cells as well as micrometric dielectric beads have been successfully trapped using plasmonic structures with an illumination intensity much lower than that for far-field trapping. 8 Furthermore, plasmonic trapping can be easily integrated into microfluidic platforms, since it does not require a bulky and sophisticated external optical arrangement. 9 These merits offer great application potential for plasmonic trapping in the field of chemical and biosensing.
Among the huge variety of plasmonic structures that have been demonstrated in the past few years, the plasmonic dipole antennasa pair of metal nanorods spaced by a nanometric gapsprovides a very appealing choice for trapping nanoparticles. Recent studies have shown that using plasmonic dipole antennas, the electric field can be localized in the nanogap leading to a field enhancement of 2 orders of magnitude at the resonance frequency. [10] [11] [12] Moreover, the resonance frequency of plasmonic dipole antennas can be tuned to a desired value by varying the antenna length or gap size, providing additional design flexibility. 13 While the emphasis of the present publication is on trapping nanoscopic objects in the gap of the antenna, let us mention that microscopic cells have been trapped using the field generated by the whole plasmonic antenna by Righini et al. 14 In addition to an enhanced trapping force, a plasmonic antenna can also be used to monitor in real time the trapping events from nonfluorescent nanoparticles, including particles as small as 10 nm. Actually, there is still today a lack of rapid and noninvasive methods for the detection of small nonfluorescent nanoparticles, although this detection is important for many practical applications. To the best of our knowledge, only interferometric methods are capable of detecting such small nonfluorescent nanoparticles. 15, 16 Unfortunately, these methods are not suitable for near-field trapping experiments as the presence of the plasmonic trapping structures interferes with the signal of the nanoparticles. However, localized surface plasmon resonance (LSPR) sensors based on plasmonic antennas can circumvent this difficulty. Indeed, recent studies have shown that the resonance frequency of a plasmonic antenna is extremely sensitive to external perturbations in its gap. 17 Especially, when the gap is only a few nanometers, a slight change of dielectric constant in the gap can induce a significant resonance shift. 18 The trapping of individual nanoparticles can therefore be monitored in real time by recording the resonance frequency of the antenna.
In this work, inspired by these ideas, Au nanoparticles are trapped using nanofabricated plasmonic dipole antennas and the trapping events are detected in real time. Twodimensional dipole antenna arrays were fabricated using e-beam lithography with a (5 nm precision. 19 Figure 1a shows the SEM image of a typical plasmonic antenna. The length and gap sizes of the antennas are modified individually over the array. Figure 1b sketches the optical setup which is basically a total internal reflection microscope. An oil immersion objective with a 1.45 N.A. (PLAPON 60xO TIRFM, Olympus) was used to create the evanescent wave for both trapping and characterization. An 808 nm laser (MDL-H-808, Changchun New Industries Optoelectronics Tech Co.) was injected into the outer part of the objective and then focused on the back-focal plane to create an evenly distributed evanescent field to excite the antennas. The laser power reaching the sample was 0.8 W, distributed on an area of approximately 20 × 20 µm 2 , equivalent to a 2 mW laser focused onto a 1 µm 2 spot, corresponding to the power density customarily used in life sciences for laser-scanning confocal microscopy. In order to monitor the Rayleigh scattering spectra of the antennas, a white light beam was also coupled into the system with a beam splitter (BS) through the same optical path as the trapping laser. An imaging spectrometer (Shamrock SR-303i, Andor) equipped with a charge-coupled device (CCD, iDus 401BRDD, Andor) was used to record the scattering spectra of individual nanoantennas. 19, 20 Typically, five or six individual antennas with a gap size from 5 to 30 nm were measured simultaneously in one experiment. A notch filter at 800 nm (Semrock) was used to block the backscattered light of the trapping laser. Au colloids with 10 or 20 nm diameters were used in this work (Sigma-Aldrich). The colloids were diluted into deionized water, with concentrations in the range between 0.1 and 1 µm -3 . The measurements were performed in the following way. First, the spectra of the antennas in deionized water without Au nanoparticles were measured to ensure a clean and stable system. The trapping laser was turned on for that reference experiment. Then, Au nanoparticles were added and 500 scattering spectra were recorded continuously. Each exposure lasted for 0.3 s and was repeated every 1 s. After that, the trapping laser was turned off and another 500 spectra were recorded in order to check whether the trapped particle could be released. The measurements for each type of antenna and particle were repeated twice.
A typical experimental result is shown in Figure 2 . This experiment used an antenna with a 25 nm gap and 20 nm Au nanoparticles. The peak wavelength as a function of time exhibits a characteristic stepwise behavior, as shown in Figure 2b . At the earliest stage, the resonance wavelength was constant at approximately 690 nm, and then exhibited a sudden red shift of 50 nm at the time T1, indicating that a trapping event occurred in the antenna gap, Figure 2b . After the instant T2, the resonance frequency became stable at approximately 740 nm. However, in the period between T1 and T2, the peak wavelength oscillated between 690 and 740 nm, implying that the nanoparticle had not completely entered the gap and was swinging back and forth between two states, namely, inside and outside the gap. This phenomenon will be discussed later with the help of a numerical model.
To ensure that the red shift can be attributed to optical forces, measurements were performed with the trapping laser switched off soon after the first part of the measurement. The results are shown in Figure panels c and d of 2. After approximately 1.5 min, the Rayleigh scattering returned back to its original profile, excluding the possibility that the particle remained stuck in the gap by surface forces. In fact, during the measurement, another 50 nm red shift was also observed, at instant T3 in Figure 2d , but it only lasted for a few seconds, indicating that without optical trapping forces, the particle will not stay inside the gap, although it might make a short excursion in it. This provides direct evidence that the long lasting resonance red shift in Figure 2 , panels a and b, was caused by optical trapping. Moreover, the magnitude of the shift at T3 is the same as that at T1. This implies that the trapping event observed at T1 was indeed a single particle event, not caused by several nanoparticles.
Another interesting observation in Figure 2b is the second resonance frequency jump (between i and ii) of approximately 10 nm, much smaller than the first one (approximately 50 nm). This can be explained by the trapping of a nanoparticle at one end of the antenna. In order to illustrate this, the field distribution of the antenna has been simulated and plotted in Figure 3a with two different numerical methods, namely, a commercial finite elements solver (Comsol Multiphysics) and Green's tensor technique. 21 In the model, the antenna is illuminated by a plane wave polarized parallel to the antenna. Figure 3 indicates that the field enhancement occurs not only in the antenna gap but also at the extremities of the antenna. Although the field enhancement at the extremities of the antenna is not as strong as that in the gap, the electric field remains well localized and the field intensity gradient is large. Hence, optical trapping may also take place at the extremities of the antenna.
Actually, we have observed the trapping of single Au nanoparticles at the extremities of an antenna in the following experiment reported in Figure 4 . Discrete red-shift steps of approximately 10 nm were observed on an antenna with a 5 nm gap. Since in this case the gap of the antenna was too small to host a 20 nm particle, the trapping could only occur at the antenna extremities. Moreover, the magnitude of each resonance shift was consistent with the value of the small shift observed in Figure 2b .
To further investigate the relationship between trapping location and the resonance shift, we have calculated optical trapping forces by considering the nanoparticle as an ideal dipole. Under the dipole approximation, a lossy nanoparticle The black curve corresponds to the antenna without a particle; the blue curve corresponds to a nanoparticles at the antenna extremity; the red curves correspond to a nanoparticles inside (solid line) and outside (dashed line) the antenna gap. In the simulation, the distance between the particle and the antenna wall is 2.5 nm.
mainly experiences two types of optical forces, namely, the gradient force and the absorption force where R is the polarizability of the nanoparticle and the triangular brackets denote the time averages. 6 The antenna in Figure 3a is used as an example to plot the amplitude of the electric field enhancement, Figure 3b . A rapid field amplitude drop is observed in the blue area at the periphery of the antenna gap. Using eqs 1 and 2 and the experimental parameters of this work, the optical trapping potential for a 20 nm Au nanoparticle was calculated along the z axis in Figure 3a and is shown in Figure 3c . The depth of the potential well is approximately 2.4 × 10 -20 J, about 6 times larger than the kinetic energy of Brownian motion which can be estimated using k B T ) 4.1 × 10 -21 J at room temperature, where k B is Boltzmann's constant. The field intensity at the extremities of the antenna is only a few times smaller than that in the nanogap, leading to the conclusion that the localized electric field at the extremities of the antenna is large enough to induce trapping events. It is worth mentioning that, during the reviewing period of this work, Quidant and co-workers have reported that sophisticated field calculations provide a somewhat stronger force value than those obtained from eqs 1 and 2. 22 We have also simulated the resonance spectrum of the antenna with a 20 nm Au particle trapped at different locations, viz., at the antenna extremity or inside the gap. The results are shown in Figure 3d . When the particle is at the extremity of the antenna, the resonance shift is only a few nanometers, whereas when the particle is inside the nanogap the resonance shift reaches approximately 20 nm. This can be understood by considering that the perturbation strength of the nanoparticle, consequently the resonance shift, depends on the polarization of the nanoparticles, i.e., on the local electric field intensity. In the gap, the field enhancement is larger than that at the ends of the antenna, and therefore trapping in the antenna gap produces a significantly larger red shift than trapping at the extremities of the antenna.
In the simulation results, the resonance shift is only approximately 20 nm, smaller than the experimentally observed value. This is mainly caused by two reasons. First, a 2.5 nm distance between the particle and the antenna wall was used in the simulation in order to avoid numerical problems. However, in reality, the particle is likely to stay in close contact with the antenna, which will increase the antenna-particle interaction and shift the resonance further. Second, the nanofabricated antennas have rough walls instead of the perfectly flat surfaces used in the model. Nevertheless, the simulation results qualitatively confirm the fact that particles trapped at different locations around the antenna produce different resonance frequency shifts.
This location-dependent resonance shift is particularly well illustrated in the nanogap, as shown in Figure 3d where we simulate Rayleigh scattering spectra for antennas with a particle in the middle of the gap and just outside the gap. A substantial difference in resonance shift is observed: the shift reaches approximately 20 nm when the nanoparticle is inside the gap, whereas it is only 5 nm when the nanoparticle is just outside the gap.
This simulation also explains the aforementioned oscillating resonance frequency between times T1 and T2 in Figure 2b . In the experiment, the particle in the vicinity of the nanogap experiences two different types of forces: the random thermal force which induces the Brownian motion and the trapping force which mainly exists at the vicinity of the antenna gap. Under these two competing forces, the particle rapidly moves forth and back inside and outside the gap. Since the resonance frequency fluctuates rapidly between these two extreme wavelengths (690 nm outside the gap and 740 nm inside the gap), we can conclude that the particle oscillates through the gap before getting trapped.
After successfully trapping 20 nm Au particles, we further performed experiments using 10 nm Au particles. Because the polarizability is proportional to the volume of the particle, the trapping force decreases by a factor of 8 when the particle size changes from 20 to 10 nm. The previous simulation shows that the trapping potential is approximately 6 times that of the kinetic energy of Brownian motion, suggesting that trapping of even smaller nanoparticles might be possible after antenna optimization, namely, narrowing the nanogap. In the experiment, we observed stepwise resonance shiftsscorresponding to succesive trap- 
ping eventssusing an antenna with a 15 nm gap, as shown in Figure 5 . However, no trapping events were observed for antennas with a wider gap. In addition, the resonance shift is on the order of 5 nm, much smaller than that in the case of a 20 nm particle. This can be explained by the much smaller polarizability of the 10 nm particles compared to the 20 nm one. We believe that single-molecule trapping and sensing can be achieved with a plasmonic dipole antenna by further optimizing the experimental parameters. In the calculations, the field amplitude enhancement is approximately 16 in the gap, much smaller than the predicted values in previous works. 13 Actually, the field enhancement in the antenna gap may be increased by narrowing the gap, which is indeed experimentally possible. Furthermore, recent studies in surface-enhanced Raman spectroscopy (SERS) and tipenhanced Raman spectroscopy show that nanometric roughness can also significantly increase the local field. 23, 24 On the basis of these arguments, single molecule trapping can be expected in the near future.
In the field of plasmonic trapping, an important issue currently under debate is how to exclude trapping contributions from heat-induced convection associated with light absorption in the metals. Plasmonic heating represents an important issue, which has been investigatedsand even implementedsin the field of LSPR-based applications. [25] [26] [27] In the present work, we can exclude contributions associated with convection by taking advantage of multichannel detection. As aforementioned, an approximately 20 × 20 µm 2 area is illuminated and five or six antennas with different geometrical parameterssconsequently, with different resonance shiftsare monitored simultaneously. However, only the antennas with a 15 nm gap can trap the 10 nm nanoparticles. This is consistent with the simulation result that a narrow gap is needed to generate a lager enough field enhancement in order to trap a 10 nm particle. If it were heating-induced convection that brought the particles to the antennas, nanoparticles would accumulate on the whole illuminated area (i.e., on every antenna) and, consequently, a red shift would always be observed on each antenna. However, this was not the case in the experiments, in which only a few antennas exhibited a stepwise red shift, while the resonance of most antennas remained constant.
The absence of convection-induced particle accumulation in this work can be explained by the very low antenna density, with one nanoscale antenna in a 3 × 3 µm 2 area, and the very low laser power density. For these reasons, the total amount of heating and, consequently the convection, are negligible.
Finally, let us note that delivering the analyte specifically to the active site of a nanoscale device is an unresolved issue, for which this work might represent a step toward an appropriate solution. Today, single-molecule surfaced-enhanced Raman scattering (SERS) at individual "hot spots" hasbecomeanaverywidespreadtechniqueinthelaboratory, 28, 29 and ultrasensitive LSPR-based sensing schemes have been proposed. 17 However, due to the dimension mismatch between the current microsample delivery techniques, i.e., microfluidics, and antenna-based sensors, it is extremely difficult to efficiently deliver a trace amount of analyte to the "hot spots" of the nanosensor. The technique developed in this work provides a strategy to address this issue. For example, recent work reported by Kall and collaborators has shown the possibility to combine optical trapping with SERS. 30 We believe that the integration of trapping with previously demonstrated sensing techniques will lead to the next generation of ultrasensitive sensing devices based on individual plasmonic nanostructures.
In summary, we have successfully trapped 10 nm Au nanoparticles using nanofabricated plasmonic dipole antennas. Single nanoparticle trapping events were recorded in real time by monitoring the Rayleigh scattering spectra of individual plasmonic antennas. Numerical simulations were also performed to interpret the experimental results, indicating the possibility to trap nanoparticles only a few nanometer in size. Moreover, this work unveils the potential associated to the integration of plasmonic trapping with LSPR-based sensing techniques, in order to deliver analyte to specific, highly sensitive regions ("hot spots").
